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SUMMARY

BLUNTIJMDINGEIXIES

FROM1.90TO 3.07

AMck C.Bond

IN

A flightinvestigationofa rocket-poweredmodelwasconductedto
studythe~at transfZr towingleading;dgesinthevicinityoftheir
juncturewitha cylindricalbody. Heat-transferdatawereobtainedon

leadingedgesof~ -inchdiameterat sweepanglesof0° and75°,Mach

numbersfrom1.90to3.07,andReynoldsnumbersbasedon leading-edge

$ dismeterfrom8.05x 105to 11.80x 105. Themeasuredheatingratesof
boththe0° and75°sweptleadingedgeswereofthemagnitudepredicted
by turbulenttheoryratherthsaby lsminartheory.It isbelievedthat

- thehighlevelofheatingobservedontheleadingedgeswasdueto the
influenceof conditionsexistingintheturbulentboundsrylayerof%he
body. Comparisonoftheaveragemeasuredheatingonthecylindrical
portionsofboththesweptandunsweptleadingedgesindicatesthatthe
heatingoftheunsweptsegmentwasgenerallyabouttwicethatofthe
sweptse~nt.

INT!RODUCZllION

As a resultof currentinterestintheflightofaircreftatboth
supersonicandhypersonicspeeds,considerableresearch,boththeoretical
andexperkntal,hasbeenstimulatedintheproblemoftheaerodynamic
heatingofwingleadingedges. (*e, forexamp~,refs.I.to 6.) TIE
experimentaldataofreferences4 and5,whichdealwiththeeffectof
sweepon leading-edgeheating,wereobtainedatrelativelylowvalues
of streamReynoldsnumberandtheresultswereshowntobe generallyin
goodagreementwiththeoriesfora lambarboundsz’ylayer.Theexperi-
mentsofreference6 whichwereconductedat considerablylargervalues

& of stresmRe~oldsnunber,however,indicatedlargeincreasesinheat
transferwithincreaseinyawemglewhich,apparently,werecausedby
transitionfromWnsr to turbulentboundsrylayer.

.
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As pertoftheefforttoprovidefurtherinsightintotheproblem u
ofaerodynamicheatingofwingleadingedgesat conditionsofhighs~ed
andlargeReynoldsnunbers,a rocket-powered-modeltestwasconducted
attheLsmgleyPilotlessAircraftResearchStationatWallopsIsland, *.
Va.forthepurposeofmeasuringtheheattrsmsferto sweptandunswept
bluntleadingedges.Measurementsweremadeinthevicinityofthe
wing-bodyjuncturewheretheaerodynamicheatingiscri*ical.Leading-
edgesegmmts.ofsufficientdismeterto giveReynoldsnumbersrepresenta-
tiveoffullscaleandto allowmeasurementsoflocalheatingwereuti-
llzed.Eeat-transferdatawereobtainedonwingsegmentshavingcylin-

dricalleadingedgesof
$
-inchdiameterandsweepanglesof 0°and75°

fora Machnumberrangefrom1.90to 3.07andReynoldsnumberbasedon
leading-edgedismeterfran8.o-5x 10~to 11.80x 107.
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SYMBOLS

area, Sq ft

P~ - Pm
—

pressurecoefficient,— --
0.7P&

distancealongchord,perpendicularto leadingedge,in.

specificheatof airat constantpressure,

specificheatofwallmaterial,Btu/lb-°F

leading-edgedismeter,ft

gravitationalconstant,32.2ft/sec2

Btu/lb-OF

-.

localaerodynamicheat-transfercoefficient,Btu/(sqft)(sec)(°F)

thermalconductivityofwallmaterial,Btu-ft/(sqft)(see)(OF)

Machnumber

Stantonnunber,h/$cp~mVm

averageStantonnumber, Ihamr~e gcp~.vm

-.
*

.
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pressure,lb/sqft

Prandtlnunber

quantityofheatperunitt-, Btu/sec

heatingrate,Btu/(sqft)(sec)

Reynoldsmxnberbasedon leading-edgedismeterandfree-stresm
conditions

distancemeasuredalongsegmentwallperpendiculsxto leadirw —
edge,ft

temperature,‘F

the, sec

velocity,ft/sec

leading-edgesweepangle,deg

azimuthanglemeasuredfromforward
dicularto leadingedge,deg(see

viscosityofair,slugs/ft-sec

densityofair,slugs/cuft

densityofwallmaterial,lb/cuft

thicknessofWti, ft

localskin-frictioncoefficient

stagnationpointperpen-
figs.3 and4)

Subscripts:

aw adiabaticwall

z localconditionsJustoutsideboundarylayer

s outsidesurfaceofwall

* t stagnationconditions

.

AFMDCADJ’58‘2179



4

w wallconditions

m undisturbedfreestreemaheadofmodel

MODEL,INSTRUMENTATION,ANDTEST

Thevehicleemployedforthetestwasa bodyofrevolutioncon-
sistingofan ogive-cylinder-flereconfiguration.Foursmallwingseg-
mentsrepresentingportionsoftheleadingedgesof0°and75°swept
wingsweresymmetricallymounted90°apsrtat zeroincidenceonthe
cylindricalportionofthevehicleas showninthesketchoffigure1
andphotographoffigure2.

—
.

—

Theleading-edgesegmentshadcylindricalleadingedgesof~ -inch,,
diameterwhichbecsmetangenttofI-atsurfacesinclinedatk.270to the
chordplane(seefig.3).Thewallthicknessasmeasuredwitha microm.
eterat severallocationsoneachleading-edgesegmentwasfoundtobs
0.0625inch.A resinmaterialwasusedto closeoffthetipsandtrailing
edgesofthesegmentstoprotecttheinteriorframtheairstream.The
outsidesurfaceofeachleading-edgesegmentwasoxidizedto providea &
surfacewitha stabilizedemissivity.Thesurfaceroughnessofthe
oxidizedsurfaceswasnotmeasured;however,franpreviousexperienceit
isestimatedthattheroughnesswasoftheorderof15to 20microinches. .

Oneunsweptsegmentandonesweptleading-edgese–ynentwereprovided
withchromel-alumelthermocouplesspotweldedto theinsidesurfaceofthe
leadingedges.Fourtemperature~asurementsweremadeontheunswept
segmentandsixonthesweptsegmentwiththethermocouplesbeinglocated
as showninfigure3. Localsurfacepressuresweremeasuredonlyonthe
duplicateunsweptsegmentandtheorificeswerelocatedas shownin
figure4.

ThetestvehiclewasinstrumentedwithanNACAeight-channeltelem-
eterwhichtransmittedleading-edgetemperatureandpressuredataand
vehicleaccelerationdatato a groundreceivingstation.Iktailsofthe
thermocoupletelemeteringtechniq.zeemployedmaybe foundinreference7.

Otherinstrumentationincludeda CWDop@erradexwhichprovided-
measurementsofmodelw locityandanNACAmodifiedSCR-584raderwhich
provideddataforobtainingt~ positionofthe
phericdataandwindconditionsweredetermined
launchednearthetimeofflightandtrackedby

mode1 in space.Atmos-
bymeansofa radiosmde
a RawinsetAN/GMD-lA.



NACAFM L58A13 5

.

.

Thetestvehicleandboosters
Thepropulsionsystemconsistedof
motors. ThefirststagewasanM5
thirdstageswereJATO,6-Ks-3000,
motors,respectively.

Thepropulsionsystemforthe

areshownon
threest%es

thelauncherinfigure5.
of solidpropellantrocket

JM’Orock=tmotorandtb-secondand
TkOsndJATO,1.3-KS-4800,T-55rocket

testhadbeenselectedto givea cal-
culatedpeakspeedofaboutM = 7.5 occurringat en altitudeofabout
47,500feet;however,becauseofmodelfailureattheendoffirst-stage
burning,titswereobtainedonlyto a Machntmkr of3.07at a flight
timeof 3.3seconds.The historiesof streamstatictemperatureand
pressureasdeterminedfrc?.utheradiosondemeasurementsforthemcde1
traJectoryme showninfigure6 alongwiththecalculatedvariationof
thefll.ghtstagnationtemperature.Thev=iationwithtimeoff3ight
Machnumberdeterminedfromthemeasuredmodelvelocityandthestresm
Reynoldsnumberbasedontheleading-edgediameterof3/4inchisshown
infigure7. Accelerometerdataindicatedthatthemodelemgleof attack
wassmall(lessthan0.50°) duringtheperiodforwhichdatasrereported
and,hence,theeffectofangle.of attackwasignoredinthereduction
snd-analysisofthedata.

DATAREDUCTION

LocalFlowConditions

Localflowconditionsexistingjustoutside
theunsweptleading-edgese~nt werecalculated

the boundsrylayeron
franmeasuredpressure

data. Localpressuresweremeasuredinflightontheunsweptleading-
edgese~nt atthelocationsindicatedinfigure4 andareplottedas
pressurecoefficientsinfigure8. Themeasuredvaluesof localpres-
surewereusedto obtainlocalMachnmnberssndtemperaturesby assuming
isentropicexpsnsionbackfrcsnthestagnationpoint.Thelocalcondi-
tionsforstationC = 0.50 wereassmedtobe thessmeasthoseobtained
by thisprocedureforstationC = 1.00.

No pressuremeasurementsweremadeinflightonthe75°swept
leading-edgesegment;however,localpressureswerecalculatedby use
ofunswept-segmentpressuredata. Thiscalculationwasmadeby consid-
eringtheairstreamtobe twocomponentsofflow,onetsmgentialand
onenomal to theleadingedgeofthesweptse~nt. Itwasass-d
thatpressuresonthesegnentwerenoteffectedby thetangentialcom-
ponentofflowbutweredueentirelyto theccmponentofflownormalto
theleadingedge. Thisnormalcompo~entofflowwas MN = N& cos75°..
Itwasalsoassumedthatlocalpressurecoefficientsbasedonthisnormal
cumponentofMachnwber (anddynsmicpressurebasedonthisMachnmnber)

-,
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wereeqpaltopressurecoefficientsmeasuredontheunsweptsegmentat .-
a free-streamMachnumbereqzalto thisnormalccmponent.Withtheuse
ofthelocalpressuresobtainedfromthesepressurecoefficients,the
componentofthelocalMachnumbernoz?nal.t.otheleadingedgewasobtained -.
by asswningisentropicexpansionbackfrmnthestagnationpointina
directionperpendicularto theleadingedge. Thisnormalccmponentwas
addedw ctoriallytothetangentialcompon&ntobtain&dfromtherelation
%=& Sin750 t

—

0 giw ValuesoflocalMachnumber.Thevaluesof —

localMachnumberwerethenusedto obtainlocaltemperatures.Theuse
oftherelationMt = ~ sin75° forobtainingloc~ tangentialMach
numberis justifiedsincetheresuitinglocaltemperatureswereofthe
sameorderasthefree-streamstatictemperatures.

—
A checkofthismethodofdeterminingtheswept=segmmtlocal

stagnation-ldmepressureswassffordedby thedataofreference8. The
pressurecoefficientdeterminedforthestagnationlineofthe75°swept
se~nt at a streamMachnumberof1.98wascomparedwiththereported
cylinderpressurecoefficients(ref.8)foran emgleofattackof15°.
Thevalueofpressurecoefficientof0.068thusdeterminedshowedgo”~
agreementwiththeexperimentaldataofreference8.

As adiabaticwalltemperatureisa weakfunctionoflocaltemper-
ature,it isnotnecessarythatlocaltemperaturesbe knownprecisely

*

to obtainreasonableaccuracyin calculatedheat-transfercoefficients.
Forthisinvestigationa changeof 10percentin localtemperaturecauses
lessthana 2-percentchangeinfree-streamStantonnumber.Itwas

,*

believedthatpressurecoefficientsobtainedfrcmunswept-segmentdata
wouldyieldlocaltemperatureswithina 10-percentaccuracyandwere
thussufficientlyaccurateforevaluatingStantonnumberbasedonfree-
streamconditions.Theestimatedmaximumprobableerrorinthemeasured
wa~ temperatureswasabout180. Calculationsusingestimatederrors
inthevariousquantitiesinvolvedin obtainingStantonnumberindicate
thattheexperiiiental
about15”‘percent.

Adiabatic

Stantonnumberspresenteisreaccurate

WallTemperature,WallHeatingRate,

andHeat-TransferCoefficient

In orderto calculatethelocalvaluesofheat-transfer

towithin “- ..-

coefficient.
itwasnecessmy toevaluatelocaladiabaticwalltemperatures.At the‘
stagnationpointonthe0° sweptLeading-edgesegmentthetemperature
recoveryfactorwasasswd tobe unityor Taw= Tt.- — --.-

.
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. At thestagnationpointonthe75°sweptsegmenttheadiabaticwall
temperaturewasobtainedby usingtheexpressionderivedinreference2
fora yawedcylinder.Fora turbulentboundsz’ylayerthisexpression-, basedonfree-stresmtemperatureis

Taw - Tm
Tt-Tco= (1- 1- NR1/3)sin2A

At pointsotherthanthestagnationlineofboth
mentstherelationusedforcalculatingTaw was

Taw - TZ
Tt - TZ

= ~prl/3

In allcasesthePrsndtlnmiherwasevaluatedat
temperature.

leading-edgeseg-

theoutsidesurface

Eecauseofthehighheatingratesandlowthermalconductivityof
. thetestsurfacesofthisinvestigation,itwasnecessaryto consider

thetemperatxmegradientthroughtheskinbeforedeterminingactualwall
heatingrates.Theoutside-surfacetemperaturesoftheleading-edge

.*! segmentswerecalculatedfromthemeasuredtimehistoryoftheinside-
walltemperaturesby themethoddescribedintheappendix.An average
wall-tem~raturetimehistorywasobtainedby takingthenumericalaver-
ageoftheoutsideandinside-surfacetemperaturesandplottingthis
valueas a functionoftime. A smoothcurvewasfairedthroughthe
pointsandtheslopesofthetangentsto thecurveweremeasuredat
intervalsof0.10second.Theseslopeswereplottedagainstthe and
a smoothcurvewasfairedthroughthepoints.Thefairedvaluesof the

mw
slope

K
werethenusedto calculatethewallheatingrateby the

relation

dTw
q= PW-%T~

where Cw wasevaluatedattheaveragewalltemperature.Thisgavethe
smountofheatperunitsreathatwentintoraisingthetemperatureof
theskin. Sincethetemperaturedistributionthroughthewallmaterial

. isnota linearfunctionofthickness,a calculationofthewallheating
rates,obtainedby wing an integratedaverageWa.11-tempraturehistory,
wasmadeforthestagnationpointoftheunsweptleading-edgese~nt

.
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forcomparisonwiththeheatingratesobtainedby usingthenumerical *
averagewall-temperaturehistory.Thewallheatingrateobtainedin
thismannerwasfoundto differfromthevalueobtainedby usingthe
nmnericalaveragewall-temperaturehistoryby lessthgn3 percentat &
2.5seconds.Thisdifferencedecreasedto lessthan1 percentat
3.3seconds.

A calcul%ionwasalsomadeto determinetheeffectofchordwlse
conductiononthelocalheat-transferparameters.Itwasfoundthat
themaximumamountof conductionforbothleading-edgesegmentswasa
lossofheatfromthestagnationpointsandamountedto3 percentof
themasuredheatinputrates.Inasmuchasthislossoccurredatthe
highestwalltemperatureandwasconsiderablylessatthelowerwall
temperatures,no correctionsto thelocalheat-transferdataweremade.
Thesmountofheatlostby radiationwascalculatedandfoundtobe
negligibleatallsurfacetemperaturesexistingforthisflight.

Thelocalheat-transfercoefficientsperunitsreawerecalculated
by therelation

—

1 mw
h=

Taw - Ts %%T ~ *

where Ts isthecalculatedoutsidesurfacetemperatureofthewall. .

Theaverageheat-transfercoefficientsaroundt% cylindricalpor-
tionoftheleading-edgesegmentswereevaluatedgraphicallyby the
expression

The
the

axe
the

limit s =
tangentof

0.562isthearclengthfromthestag&tionpointto –
thecylinderwiththeflatportion.

RESUZTSANDDISCUSSION ‘

PressureDistribution

Pressurecoefficientsmeasuredontheunsweptleading-edgesegment
—

showninfigure8. Pitotpressurecoefficientswere-calculatedfor ●

flightconditionsandsrealsoshowninfigure8.“Atvaluesof t
.
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. beforet = 1.0second,theexperimentalstagnation-pressurecoefficients
aresomewhatlowerthanthepitotpressurecoefficients.It iS possible
thatthisdisagreementwascausedby separationoccurringonthebody. andinfluencingthepressureonthewingintheregionwherepressure
measurementsweremade. Althoughmeasuredstagnation-pressurecoeffi-
cientsinthetimerangefrom t = 1.0 to t = 2.5secondsaxehigher
thanpitotpressurecoefficients,theyareat allpointswithin10per-
centofthestagnation-pressurecoefficientwhichcouldexistif an
obliqpeshockwavewerepresentinfrontoftheleadingedge. Theneg-
ativepressurecoefficientsmasuredontheflatportionoftheleading-
edgesegmentattheesrliertimesindicateoverexpansionoftheair
eroundtheleadingedgewiththesherpriseinthecurveprobablybeing
causedby theflowbecomingsupersonicatthistim.

Themethodofrelatinglocalpressuresto the75°sweptleading-edge
segmentasdescribedinthesectionentitled‘*DataReduction”maynotbe
preciselycorrectinasmuchastheflowoverthissweptsegmentisprob-
ablythreedixmnsional.It isbelieved,however,thatlocaltemperatures
obtainedby usingthesepressuresonthesweptsegmentaresufficiently
accurateto evaluatelocaladiabaticwalltemperature.Thepressures
whichwereappliedtothesweptsegmentsrein
to 1.(%seconds.

SkinTemperatures

Therelativelyhighheatingratesofthis

thethe rangeframO.TO

investigationandlow
thermalconductivityo;thele&ng-edgematerialmade-thetemperature
gradientthroughtheskinof suchmagnitudethatithadtobe considered
inorderto determineaccuratelytheheattransfer.Outside-surface
temperaturescalculatedby themethoddescribedintheappendixsre
showninfigures9 and10 alongwiththemeasuredinside-surfacetem-
peratures.Thecalculationsoftheoutside-surfacetemperatureswere
startedat t q 1.6seconds.Skintemperaturesandheat-transferdata
arenotpresentedforvaluesof t below2.2secondsinasmuchasthe
skin-temperaturevsriationwithtimewasnotof sufficientmagnitudeto
determinethewallheatingratesaccurately.Calculatedoutside-surface
temperaturesforeachthermocoupleonboththe0° and75°sweptse~ents
areshownas a functionof S/D forvsxiousfree-streamMachnumbersin
figureIl. Thedashedportionofthecurvesforthe75°sweptsegment
indicatesthatthethermocoupleatthemostresrwsrdstationwasnotin
thesamechordwiseplaneasthemeasurementsindicatedby thesolid
curve.As e~cted, thetemperatureatthestagnationpointonthe
unsweptlading-edgesegmentishigherinallcasesthsmatthecorre-
spondingpointonthe75°sweptsegment.. ??hetemperatureofbothseg-
mentsdecreaseswithincreasingchordwisedistanceandtheeffectsof
sweepanglebecomelesspronouncedwithincreasingchordwisedistance.

.
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Theheat-transferdatasrepresentedasnondimensionalStantonnmn-
berevaluatedatfree-stresmconditions.TheStantonnumberwasevaluated
atfree-streamconditionsratherthanat localconditionsinasmuchas it
wasfeltthatlocalflowconditionsonthe75°sweptsegmentwerenot
knownpreciselyenoughforthisuse. —.

Stantonnuniberforeachthermocouplelocationisshownaea function
oftimeinfigure12forbothleading-edgesegments.Dataareshownfor
bothinbosrdandoutboardstationsattwochordwiselocationsonthe
75°sweptsegment.Thedeviationbetweentheheatingdataatthetwo
stagnationpointsandatthetwo @ = 45° pointsfrcm
meanvaluesiswithintheqwtedexperimentalaccuracy

AverageRat T!ransferon @lindrical

PortionsofIeadingEdges

their respective
ofthesedata.

*

An approximationoftheaverageStantonnumberforthecylindrical
portionsof’theleadingedgeswasobtainedby integratingthecurve
passingthroughthelimitedmeasurementsoftheloc& Stantonnumber.
Thesevaluesforboththe0°and75°leading-edgesegmentsareshownas
a functionoftimeinfigure13andarecomparedwiththetheoretical
averageheatingwitha Isminarboundarylayer.Valuesofthetheoret-
icalaverageheatingwereobtainedby integratinglocalvaluesofheat
transferobtainedby usingthetheoryofreference4. Sincethesee~r-
imentaldataweresomuchhigherthanthevaluespredictedby laminar
theory,itwasbelievedthattheboundarylsyerovertheleadingedges

.-

wasofa turbulentnature.In orderto investigatethiseventualitythe
approximatetheoryproposedby Be&with(ref.6)wasusedtoevaluate
thetheoreticalaverageturbulentheattransferfortheunsweptleading-
edgesegment.Comparisonofthistheoreticalpredictionwiththemeas-
uredaverageStantonnmbersfortheunsweptsegmentismadeinfig-
ure13(a),anditis seenthatthedatashowreasonablygoodagreement
withthetheoreticalcurveaftera timeofabout2.6seconds.Prior
to 2.6secondsitappearsthattheflowontheunsweptsegmentwasof
a transitionalnature.

—

SinceBeckwith’sapproximatetheoryis limitedto casesforwhich
the~ch nwnberccxnponentnormalto theleadingedgeis supersonic,
anotherapproachhadtobe resortedtoforevaluatingthetheoretical

.

averageturbulentheattransferforthe75°sweptleading-edgesegment.
-
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. Thisconsistedsimplyoftheevaluationofthelocalturbulentflat-plate
heat-transfercoefficient,aroundthecylindricalportionoftheleadlng
edge,forthecalculatedlocalstreamwise-flowconditionsandintegration

x oftheresultingdistributionforem averagevalue.Heat-transfercoef-
ficientsfora flatplatewitha turbulentboundarylayerwereobtained
fromreferences9 and10witha valueof0.6beingassmnedfortheratio
of Stantonnumberto skin-frictioncoefficient.Localpressuresforthe
sweptleadingedgewereobtainedfromfairedpressuredistributions,
determinedfrcnatheunsweptexperimentalpressuredataas.exptid in
thesectionentitled“DataReduction.” Localflowconditionswereesti- ‘
matedby useofthesepressuredatain conjunctionwiththetotalpres-
sureresultingbehindsn obliqpeshockinducedby a conicalsurfacewith
a 15°semivertexangle.Thestreamwisedistancefrcathestagnation
pointtothepointin qwstionwasusedforcalculatingthelocalReynolds
number.A comparisonofthemeasuredaverageStantonnmbersforthe
75°swePt~a~~ edge~th &S theoreticalaverageturbulentprediction
isalsoincludedinfigure13(b),sndit is seenthattheagreementis
qtitegood. Thefactthattheaversgedataforthecylindricalportions
ofboththe0° ad 75°sweptsegmentsagreesowellwiththetheoretical
predictionsfora turbulentboundsrylayersubstantiatesthefactthat
theflowovertheleadingedgeswasturbulent.Ccmperisonoftheaverage
measuredheatingonthesweptandunsweptleadingedges(fig.13)indi-

. catesthatafter2.6secondstheheatingoftheunsweptsegnentis about
twicethatofthesweptse~nt.

.

LocalHeatTransfer

Theexperimentalbeat-trsmferdataforthetwomeasuringstations
ontheflatportionoftheunsweptleading-edgesegmentareshownin
figureslb(a)smdlk(b) andarecomparedwithpredictedvaluesofboth
lsminsrandturbulentflat-platetheories.Thelaminsrtheoryusedis
thatfoundinreferencelJ_andtheturbulentpredictionswereobtained
by usingtheVanDriesttheory(refs.9 and10)witha valueof0.6
beingassmedfortheratioof Stantonnumberto skin-frictioncoeffi-
cient.Exceptfortheintervalbetween2.2to 2.5secondsforthefor-
wardmeasuringpoint(C= 0.50in.) thisccanparison(fig.lk(a)) shows
verygoodagreementbetweenthedataofbothmeasuringpointsandthe
predictionsoftheturbulentflat-platetheoryandlendsfurthercre-
denceto thefactthattheflowoverthecylindricalportionofthis
segmentwasturbulent.h theintervalfrom2.2to 2.5secondsthe
comparisonshowstransitionalflowattheforwsrdmeasuringpoint
(C= 0.50in.)whichis compatiblewiththeintervaloftransitional
flowonthecylindricalportionofthesegment,observedfromthedata
offigure13(a).Theexperimentalheat-transferdataforthetwomeas-,
wing stationsontheflatportionofthe75°sweptleading-edgese~nt
sreshowninfigures14(c)sndlk(d)andarecomparedwiththeheat

.
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transferpredictedby lsminsrandturbulentflat-platetheories.The .
theoriesarethes- onesusedfortheunsweptsegmentwiththestresm-
wisedistancefromthestagnationpointtothestationin qmstionbeing
usedforcalcuJ.atingthelocalReynoldsntiber.Theexperimentalheat- -.
transferdataat stationC = 0.50inch aresomewhatlowerthanthe
valuespredictedby turbulenttheory,whilegoodagreementis shown
betweenexperhentandturbulenttheoryat stationC.= 1.00inch.

—

Theexperhental@stingdataaresumnarizedin~igure15by repott-
ing theexperimentalStantonnumbersas a functionofthenondimensional
distanceS/D forseveraltimesoftheflighttest. I&terminationof
thelocaltheoreticalvaluesshownhasbeenpreviouslydiscussedwith
theexceptionofthetheoreticalturbulentheatingofthecylindrical
portionoftheunsweptleadingedge. Thesevalueswereobtainedinthe
samemannerasweretheturbulentpredictionsforthe“cylindricalportion
ofthesweptleadingedge. thatis,theevaluationofthelocalturbu-
lentflat-plateheattransfercorrespondingto thecalculatedlocalcon-
ditions.Forthepurposeof claritythetheoreticalpredictionsare
shownasbendsratherthantheindividualcurvesforeachparticular
time,witheachbandbeingdeterminedby theextremevaluespredicted
fortherangeoftimefrom2.20to 3.30seconds.Infigure15(a)it is
clearlyseenthatthe=asureddatafortheunsweptsegmentareconsid-
erablyhigherthanthepredictionsofthelaminsrtheoryandonlyatthe .
earliertim of 2.2secondsdoestheflowappeartohavebeentransitional
ontheforwardpsrtofthesegment.Themeasuredst@ation-pointvalues
whichwouldordinari~be expectedto agreewiththepredictionsoflam- .

insrtheoryaregenerallyabouttwiceas greatasthe@ninsrtheory.
Comparisonofthemeasuredcylindervalueswiththep~dictionsofthe_ _ ._
flat-platetheorydoesnotaffordverygoodcorrelationwithregardto
theindividualvalues,possiblybecauseoftheexbensionofthetheory
beyonditsintendedusage.However,itisinterestingtonotethatthe
averageheattransferto thecylinderwouldbe predictedfairlywellby
thistheory,at leastforthiscase. Infigure15(b)theexperimental
dataforthe75°sweptsegmentaxeshowntobe ofa turbulentlevelat
alltimesforwhichthedataarepresenbd.Themeamiredstagnation-
pointvaluesareoftheorderofthreetimesasgreatas thosepredic~d
by laminmtheory.Thereisgenerallygood.5.greement‘betweenthetur-
bulenttheoryandexperimentinbothtrendandmagnitude.It isworthy
ofnotethatthepredictionsoftheflat-platetheoryoftheheatingto
thecylindricalportionsoftheleadingedgesshowmuchbetteragreement
withexperimentinthecaseofthesweptleadingedgethaninthecase
oftheunsweptleadingedge. —

IntiewoftheresultsofBeckwithandGallagher(ref.6)which
showedtheeffectofyawangleonboundary-layertransitiononcylinders,
thehigherthanlsminm?levelofheatingobservedonthe75°swept

d

leading-edgesegmentisnotsurprising;however,thereasonforturbulent
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overthe0° sweptsegmentisnotclesrfromthelimitedmeasurements
onthemodel.It isbelieved,however,that,sincethemeasurements
madeata pointof only1.25inchesfranthebody,theflowonthe

. leadingedgecouldhavebeeninfluencedby conditionsetistinginthe
bodyboundsrylayer.Fortheperiodoftimeofthedatapresentation
(2.2secondsto 3.3seconds)theReynoldsnmnberforthebodyatthe
leading-edge-bcdyjuncturevsriedfrom45.51x 106to &. 71x 106and
thebodyboundsry-layerthic-ss wasestimatedto rangefrc%nO.~ to
O.~ inch. Withtheseconditionsprevailing,itispossiblethatinter-
actionbetweenthebowshockaheadoftheleadingedgeandthethick
turbulentboundsrylsyerofthebodycouldhaveincreasedtheheating
rateoftheleadingedgeto theturbulentlevel.

It isrecognizedthat,becauseofthelsrge’leading-edgedismeter
endthesmallspanoftheleading-edgese~nts, theflowinthevicinity
of a full-scalewing-bcd.yjuncturemaynothavenecessarilybeendupli-
catedby thistest. Thedatado indicate,however,thatheat-transfer
ratesconsiderablyhigherthanwouldbe encounteredby a wingleading
edgewithlaminsrflowinanundistbbedflowfieldarepossibleinthe
regionofthe

.

-t
A flight

to 0° and750

wing-bodyjuncture.

investigation

CONCLUSIONS

hasbeenconductedto studytheheattransfer
sweptl&ding-edgese~nts inthevicinityofthewing-

bodyjunct~e. D&a wereobtainedfora Machnumberra&e from1.~-
to 3.07andfora Reynoldsnwnberrangebasedon leading-edgedi~ter

from8.05x 105to 11.80x 105. Thefollowingpertinentconclusionsare
drawnfromtheresults:

1. Comparisonoftheaveragemasuredheattransferto thecylin-
dricalportionsofboththe0° and750sweptleading-edgese~nts with
theoreticalpredictionsoftheaverageturbulentheattransfershowed
reasonablygoodagreement;thissgreementindicatedthattheflowon
theleadingedgeswasforthemostpsmtturbulent.It isbelievedthat
thehighlevelofheatingobservedontheleadingedgeswasdueto the
influenceof conditionsexistinginthebodyboundsrylayer.

2.Comparisonoftheaveragemeasuredheattransferto tbe0° and75°
sweptleadingedgesindicatesthattheheattransferto theunsweptseg-
mentwasgenerallyabouttwicethatto theswept

● 3.Measurements
mentsindicatedthat

.

at thestagnationpointsof
fortheunsweptsegmentthe

segment.

theleading-edgeseg-
heattransferwas
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approximatelytwotimesasgreatandforthe75°sweptsegmenttheheat -
trsmsferwasoftheorderofthreetimesasgreatasthatpredictedby
lsminartheory.

.
4.Eventhoughexactsimulationoftheflowfieldatthewing-body

juncturemaynothavebeenprovidedbytheshortlead~ng-edgesegments,
.-.

it isfeltthatthepresentdatado indicatean importwtproblemarea
andthat,further,morecompleteinvestigationsareneededto understand

.—

theheatingof leadingedgesinthevicinityofthewing-bodyjuncture.

LsmgleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,January 6,1958.
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METHODOFCALCULATINGWALL~ GRAIKENTS

Outside-surfacetemperaturesofthewingleading-edgesegmentsWere
calculatedfrommeasuredinside-surfacetemperaturesby assumingone-
dimensionalheatconductionthroughthewell. Thesecalculatimswere
basedonthemethtiofDusinberreasfoundinreference12. Forthe
computationoftheoutside-surfacetemperaturesthewallwassnalyticalJy
dividedintoa numberofelementsof equalthiclmessandheat-balance
equationswerewrittenforeachelement.Thefollowingsketchshowsthe
elementsof a t~icalcrosssectionoftheleadingedge:

Front

surface

Q ~ ● - “ “
1 2 3 4

~ L

. . .

5 6 7

In settinguptheheat-balanceequationsforcalculatingtemperatures
thefollowfngassmrptionsaremade:

(1)

(2)
adjscent

8 (3)
tionand

*.

Thetemperatureof eachelementisuniform.

An elementgainsheatonlyby one-dimensionalconductionfrom
elements.

Fortheinside-surfaceelementtheheat
convectionis smalJ.and,therefore,can

gainedor lostby radia-
be neglected.
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Theconditionstipulatedby a heat-balanceequationforsnelement

isthatthedifferencebetweentheheatgainedandtheheatlost-bycon-
ductionorothermeansisequaltotheheatstoredti”-
heatgainedor lostby conductionperunittimeisby
one-dimensionalheatconduction

theelement.The
Fourier’slawof

Q=kA=
dx

andtheheatstoredinan elementperunittimeofvolumev is

Thisgivesas a heat-balsmceequationfora typicalelement,suchas
number5,

%+w%=%rl-%ut

or

Thetemperatureriseofthiselementduringthetime At isthen

—

[. /1.,.=+-At
v~~L vp#+

Thisequationcsmbe solvedfor T4 iandtheresultis

WFw’L—~5+2T5-T6‘4=k’A-

where + and k areevaluatedat T5“ Thetemperatureequationof_
eachelementcanbe writteninthessmemanner:

—

R

.—

.

._

●

..
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‘lo=mown

v~c+
‘9=kAA.-— %0 + *1O

*8 .= AT9+2T9 - Tlo

. . . . . . ●

T1=-AT2+2T2.T3
kAAt

ThevaluesusedforInside-surfacetemperatureareaveragevaluesover
thetimeinterval.

As thetemperatureincreasesingoingfromelement10to element1,
anyscatterinthetemperaturevaluesof element10usedbecomesmagni-
fiedinthecalculatedtemperaturesoftheotherelements.Themount
of scatterthatcembe tolerateddependsonthenumberof elementsinto
whichthewallisdividedaudontheactualtemperaturegradientacross
thewall. Forthecalculationmadeforthisreportitwasnecessaryto. usevaluesof Tlo and LIPloto thenesrestO.1o. Thenecesssrypre-
cisionwasobtainedby plottingTlo as a functionoftimeandevaluating

’10 at intervalsof0.05second.Thesevalueswerethenplottedas a

functionoftimeto a largescaleandfairedby a smoothcurve.Thenew
valuesof ATIo werethenaddedsuccessivelyto thevaluesof TIO~
startingwiththevaluethatexistsatthetimeof zerotemperaturegra-

W&#clientthroughtheskin.Thefunction—kA At
wase~ressedas an ana-

lyticalfunctionoftemperatureandwiththevaluesof Tlo thetempera-
turesof eachelementwerecalculatedby en IBM65oDigitalComputer.
Figures9 and10 showthecalculatedoutside-surfacetemperaturesobtained
by usingthismethod.
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(a) A = OO.
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